Odontoblasts are postmitotic cells that differentiate from the dental papilla. These cells are responsible for producing the calcified dentin matrix. The pulp-odontoblast interphase contains undifferentiated mesenchymal stem cells, which have the ability to cytodifferentiate into odontoblast-like cells in response to specific signaling molecules. Dentin matrix protein 1 (DMP1) is one of the dentin noncollagenous extracellular matrix proteins that has been implicated in regulation of mineralization. In this study, we have examined the potential role of DMP1 in inducing cytodifferentiation of dental pulp stem cells into odontoblast-like cells and formation of reparative dentin in a rat model. Cavities were drilled and pulps exposed in maxillary first molars. Collagen matrix impregnated with recombinant DMP1 was implanted directly in Group 1, while calcium hydroxide, a commonly used pulp-capping agent was implanted in group 2, collagen matrix that was not impregnated with rDMP1 was implanted directly in group 3, which served as control. Each of these three groups was subdivided into two subgroups, A for 2 weeks time duration and B for 4 weeks duration. At the end of the time period the maxillae were excised, tissues were processed for histological and immunohistochemical evaluations. The results showed that DMP1 could act as a morphogen on undifferentiated mesenchymal cells present in the dentin-pulp complex. These differentiated cells had the potential to regenerate dentin-like tissue, which was confirmed by the presence of collagenous matrix, odontoblast specific markers and calcified deposits. Gene Therapy (2006) 13, 611-620.
Introduction
Organogenesis is a complex process resulting from a series of instructive and permissive cell-cell interactions.
1,2 Tooth formation not only constitutes a major component of the mammalian craniofacial system, but also provides a powerful model for the study of organ development.
The development of the tooth is characterized by a series of reciprocal and inductive epithelial mesenchymal interactions in a multistep process which culminates in the differentiation of the interacting tissues. [3] [4] [5] This process has been divided into three partially overlapping phases which have been defined as initiation, morphogenesis and cell differentiation. 6 The cytodifferentiation of dentin forming odontoblast cells is one example of this epithelial-mesenchymal interaction.
The dentin organic matrix is comprised principally of collagen fibers and noncollagenous proteins (NCPs). 7, 8 The fibrous arrays of type I collagen provide tensile strength to the mineralized dentin, while the rigidity and high compressive strength are derived from the crystals of the mineralized phase deposited within the collagen fibers. 9 The NCPs of dentin, even though present in small quantities relative to collagen, are of significant functional importance in the mineralization process. [10] [11] [12] Dentin matrix protein1 (DMP1), dentin sialoprotein (DSP) and dentin phosphophoryn (DPP) are three NCPs that might play a regulatory role in dentin mineralization. 13 DMP1 was the first gene to be cloned from the mineralizing dentin matrix. 7 RNA expression analysis by in situ hybridization demonstrated that DMP1 undergoes tight transcriptional regulation at least during tooth development. 14 To investigate the biological role of DMP1 during dentin mineralization, stable transgenic cell lines and adenovirally-infected cells overexpressing DMP1 were generated. 15 Data from these experiments demonstrate that overexpression of DMP1 in pluripotent and mesenchyme-derived cells such as C3H10T1/2, MC3T3-E1 and RPC-C2A can induce these cells to differentiate and form functional odontoblast-like cells. These transformed cells had the ability to express markers for terminally differentiated odontoblasts, namely DSP and DMP2.
Dentinogenesis occurs by a two-stage process: formation of the organic predentin and its subsequent mineralization at the mineralization front. The composition of predentin differs from that of the dentin matrix, demonstrating that some components are added at or just in advance of the mineralization front, whereas others may be metabolized. 16 Even though the NCPs and proteoglycans only make up some 10-15% of the organic matrix of dentin they have been the subject of intense study due to their putative role in the mineralization process. Mature odontoblasts form several types of dentin. 17 During tooth development, the dentin secreted prior to the completion of the root formation is defined as the primary dentin and comprises the main bulk of the circumpulpal dentin. This forms at a rate of 4 mm per day. Secondary dentin is the dentin bordering the pulp; it starts forming after root completion and continues throughout the life of the tooth albeit at slow rate. Secondary dentin may contain fewer tubules than primary dentin and usually there is a bend in the tubules where primary and secondary dentin interface. A third type of dentin is tertiary dentin, which is laid down at specific loci of the pulp-dentin interface in response to environmental stimuli. Such stimuli, if mild will stimulate an increased rate of matrix secretion by existing odontoblasts resulting in the formation of reactionary dentin. Stronger stimuli will probably lead to the death of the odontoblasts and if the conditions in the dentinpulp complex are favorable, specific pulp cells will differentiate into generation of odontoblast-like cells secreting a reparative dentin matrix will differentiate.
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Both reactionary dentin and reparative dentin are considered types of tertiary dentin and sometimes the three terms are used interchangeably. The biological events underlying the formation of both types of tertiary dentin are distinct, [19] [20] [21] [22] although in both situations the end result is the secretion of the dentin matrix, yet the mechanism by which this happens is different. In the case of reparative dentinogenesis, a cascade of events involving cell division, chemotaxis, cell migration and cytodifferentiation must occur before secretion of matrix can take place. Reactionary dentinogenesis, however requires interactions between the molecular stimuli and existing odontoblasts for stimulation of additional matrix secretion which will then be calcified.
During dentinogenesis, an extracellular organic framework is produced prior to mineral formation. This organic matrix is generally considered to have a mineralization -regulatory capacity. 23 At the pulpal region, between the odontoblasts and the mineralized tissue, a 10-30 mm layer of predentin is located. This is a nonmineralized and acellular organic matrix, primarily collagenous in nature and rich in proteoglycans and lipids. 24 The adult dental pulp contains undifferentiated mesenchymal cells, which have the potential to differentiate and form reparative dentin in response to appropriate stimuli. The origin of these newly differentiated odontoblast-like cells is still an open question. Recently Gronthos et al. 25 demonstrated that postnatal dental pulp contains cells that are clonogenic, highly proliferative and capable of regenerating a tissue, properties that effectively define them as stem cells. 25 One of the problems facing dental clinicians is the high rate of failure of direct pulp capping procedures due to the defects in the dentin bridge formed at the pulp exposure site of exposure using available pulpcapping agents. 26 In this study, a rat model was used to investigate the potential of using DMP1 as a direct-pulp-capping agent to enhance the cytodifferentiation of undifferentiated cells in the pulp into odontoblast-like cells, as well as the formation of reparative dentin.
Results

Histological evaluation of the tissues at 2 weeks
The samples were stained with three different stains and examined by light microscopy. Hematoxylin and eosin (H&E) was used in this study to examine the tissue and general cellular architecture of the tissues from the samples at the site of created defect.
Masson's trichrome is a connective tissue stain which was used to demonstrate connective tissue elements principally collagen. In this study, collagen was stained blue and demonstrates the presence of collagen in the newly formed tissue at the site of the exposure. von Kossa stain was used to identify the calcified deposits at the site of the exposure. In the 2 weeks DMP1 implanted group (group 1A) the H&E-stained samples depict early events during the wound healing process. There was incomplete resorption of the collagen membrane ( Figure  1a ). In the center of the created defect, the presence of granulation tissue with some vasodilated blood vessels was observed. At high magnification cells could be seen within the membrane (Figure 1a 0 ). Trichrome Masson'sstained samples showed the absence of collagen matrix at the early stages of dentin repair and von Kossa stain showed the absence of calcified deposits within the newly formed tissue (data not shown).
In group 2A, the tissues were pulp capped with calcium hydroxide as this is currently used most frequently for pulp capping. The H&E-stained samples showed loss of cellular architecture and inflammatory reaction in the tissue as indicated by the infiltration of PMNs ( Figure 1b and b 0 ). Masson's Trichrome and von Kossa-stained samples showed the absence of collagen and calcification deposits (data not shown).
Group 3A was the control group, which had the collagen membrane alone at the pulp exposure site. H&E samples showed that the collagen membrane was not resorbed and there was inflammatory response at the pulp underneath and around the defect site ( Figure 1c ). Higher magnification showed PMNs (Figure 1c 0 ) and in some samples the collagen membrane was readily visible and there was absence of collagen matrix and calcified deposits at this stage of the dentin repair process. 
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Histological evaluation of the tissues at 4 weeks
In the 4-week DMP1 implanted group (group 1B), the H&E-stained samples showed the pulp tissue to have normal cellular architecture without signs of inflammation such as PMN infiltration ( Figure 2a ). The site of the exposure looked almost obliterated and lines of demarcation were seen at the junction between the newly formed tissue and the circumpulpal dentin. Further examination of the newly formed tissue at higher magnification showed few dentinal tubules ( Figure 3a ). Masson's Trichrome-stained samples demonstrated that the newly formed tissue at the exposure site was stained with similar intensity for collagen when compared with the old dentin ( Figure 2b ). At higher magnification it was observed that there was good integration between the new tissue and the old (Figure 3b ). The deeper portion of the new tissue, away from the pulp exposure site, showed cellular proliferation indicating the progression of tissue regeneration in this region. von Kossa showed calcified deposits at the repair site (Figure 2c ). In group 2B, which was calcium hydroxide treated for 4 weeks showed loss of cellular architecture of the pulp tissue and did not show complete obliteration of the defect (Figure 2d ). The samples stained with Mason's Trichrome showed scattered blue staining at the site of the new tissue, with more red stain indicating less In group 3B, control samples H&E showed a complete loss of the cellular architecture of the pulp tissue and no new tissue was observed at the pulp exposure site ( Figure  2g) . A prominent observation was the presence of PMN infiltration at the periapical area and the root apex of the treated teeth. This was not observed in other groups. Samples stained with Massons Trichrome and von Kossa showed some collagen deposits and sparse calcified deposits within the defective site (Figure 2h and i) .
Confocal scanning laser microscopy
To further confirm the presence of collagen in newly formed tissue at the created exposure site, the autofloresence properties of collagen and eosin were utilized. H&E samples of group 1A showed the absence of any collagen matrix within the newly forming tissue and this was consistent with the Masson's Trichrome stain (data not shown). However, increased vascularity was observed because of the autoflorescence of red blood cells. Examination of samples from group 1B revealed the presence of abundant collagen matrix at the exposure site (Figure 4b ). Newly formed blood vessels were also seen within the newly formed tissue (Figure 4a ).
Immunohistochemistry
DSP antibody was used as a marker to identify polarized odontoblast cells. DSP is synthesized by terminally differentiated odontoblasts and is synthesized as a precursor dentin sialophosphoprotein. In group 1A, the cells that differentiated to form reparative dentin was positively immunolabeled within and around the granulation tissue that formed at the exposure site. Immunolabeled cells were also seen within the remnants of the collagen membrane.
In group 1B, there were cells that were immunolabeled within the newly formed tissue at the site of the defect. Immunolabeled cells were seen at the pulpal side of the formed tissue. Higher magnification of the same area (Figure 5b ) showed immunolabeled cells embedded within the newly formed tissue.
In groups 2A, B and 3A and B few immunolabeled cells were seen, especially obvious in the 4-week-samples (Figure 5d and f) .
As DMP1 is an important NCP secreted by preodontoblasts as well as secretory odontoblasts, immunohistochemical analysis was performed using DMP1 antibody. In group 1A, cells which had migrated to the membrane showed positive staining with the DMP1 antibody and in the 4 weeks sample (group 2B) there were abundant cells in the newly formed tissue which stained positive for (Figure 5a ). Significant expression of DMP1 was not observed in the other groups (Figure 5c and e). This result further confirms that the newly formed cells in the DMP1-treated group were actively synthesizing a matrix similar to the primary odontoblasts.
Identification of proliferating cells
Proliferating cell nuclear antigen (PCNA) staining was used to identify mitotically active cells. In group 1A, there were immunolabeled cells at the pulp exposure site. Immunolabeled cells were clearly seen within the newly formed tissue as well as within the collagen membrane (Figure 6a) . In group 1B, there were immunolabeled cells within the formed tissue as well as within the pulp tissue surrounding the exposure site. This labeling was specifically localized only to the area in contact with the newly formed tissue (Figure 6a 0 ). In group 2A and B, there were few immunolabeled cells at the exposure site but there were no immunolabeled cells in the pulp tissue immediately underneath (Figure 6b and b 0 ). In group 3A and 3B, the pulp exposure sites showed tissue breakdown, incomplete resorption of the 
Discussion
Interactions between internal dental epithelial and adjacent dental papilla cells, during tooth formation, promote dentinogenesis by stimulating this subpopulation of ectomesenchymal cells to differentiate into odontoblasts, which, in turn, form primary dentin. Cell determination and differentiation during tooth morphogenesis is accompanied by several molecular changes. These include changes in patterns of mRNA expression of structural and regulatory genes, including transcription factors, growth factors and their receptors as well as extracellular matrix molecules. The terminal differentiation of odontoblasts occurs according to a specific temporo-spatial pattern. 27 The terminal differentiation of these cells is characterized by the following steps: odontoblasts withdraw from the cell cycle, polarize and secrete components of the predentin matrix. Functional differentiation of odontoblasts is characterized by amplification of type I collagen 28 and the synthesis of phosphoproteins, 29, 30 which are considered as markers for odontoblast differentiation.
Goldberg and Lasfargues 31 point out that there are a number of differences between the chemistry of dentin matrix and that of the pulp. For instance the matrix of dentin is composed primarily of type I collagen while that of the pulp contains collagen types I, III, V and others. Also the distribution of NCP is different. 
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Phosphophoryn is found in mineralized dentin and seems to modulate mineralization, but it has not been located in the nonmineralizing pulp soft tissue. 32 In spite of these chemical differences between dentin and pulp, the two are functionally coupled and hence are integrated as a tissue. 33 When normal teeth are subjected to any type of insult or trauma the pulp responds to these insults, for a short-term by an inflammatory response, and in the long-term by inducing the cytodifferentiation of odontoblast-like cells to produce reparative dentin as a biologic response to reduce the permeability of the pulpdentin complex and to restore it to its original sequestration. 33 In order to generate normal dentin-like tissue, the first requirement would be to mimic the physiologic environment. For this, there should be cells that are competent and able to incorporate signals that are responsible for their cytodifferentiation to odontoblastlike cells, next there should be suitable induction signal(s) that will be able to induce these competent cells. The presence of precursor cells that are competent was shown to exist somewhere within the pulp and were capable of differentiating into odontoblast-like cells and producing dentin-like tissue. This has been recently augmented and clarified when Gronthos et al. 25 were able to demonstrate that postnatal dental pulp contains cells that are clonogenic, highly proliferative, and capable of regenerating a tissue, properties that effectively define them as stem cells.
In the present study, DMP1 has been used as a morphogenetic protein targeting undifferentiated cells at the repair site. DMP1 appears to be a macromolecule with inductive properties based on studies performed in our lab. In-vitro studies demonstrated that overexpression of DMP1 in pluripotent and mesenchyme-derived cells induced them to cytodifferentiate and form functional odontoblast-like cells. Therefore, this study was designed to test the in-vivo potential of DMP1 to act as a morphogen and thus induce the cytodifferentiation of undifferentiated ectomesenchymal cells within the pulp into odontoblast-like cells by using rDMP1 as a direct pulp capping agent in a rat model. Three groups were used in this study, collagen membrane impregnated with rDMP1 calcium hydroxide and a control where collagen membranes alone were used. Each of the implants were studied for two time periods, namely 2 weeks and 4 weeks. Calcium hydroxide was selected since it is the material widely used for the purpose of inducing formation of reparative dentin after pulp exposure. The control, collagen membrane was used to examine the effect of collagen per se on cellular differentiation and matrix formation and act as a control.
The findings from the calcium hydroxide group are consistent with previous studies. 34, 35 At 2 week time point there was inflammatory response and infiltration of PMNs; however, no evidence of collagen formation and absence of differentiated odontoblast. The observed sequence of events were as follows: first there was vascular and inflammatory cell migration and proliferation to control and eliminate the irritating agent, second the repair process occurs with migration and proliferation of mesenchymal pulp cells and deposition of collagen. Once the pulp is protected from irritation, odontoblasts differentiate from the pulp cells and start the repair by formation of reparative dentin. The formation of reparative dentin as a result of calcium hydroxide is not due to the bioinductive role of this material but as a defense mechanism by the pulp because of the very irritant nature of the material. Thus, the production of reparative dentin is similar in a sense to scar tissue formation, during a wound-healing process.
The results obtained from the control group are consistent with a previously reported study, 36 where trauma of pulp exposure induces the pulp to react by inflammation and cellular proliferation. At 2 weeks the collagen membrane was completely resorbed and the cells within the membrane were not immunolabeled with DSP or PCNA. The inflammation continued at 4 weeks with peripheral infiltration of PMNs, but at this point there were few immunolabeled cells.
Results from the DMP1 group at 2 weeks showed there was incomplete resorption of the collagen membrane and signs of vasodialation and formation of granulation tissue at the defect site. Cellular proliferation and DSP and DMP1 immunolabeled cells within the collagen matrix were observed. At 4 weeks inflammation subsided with normal cellular architecture of the pulp. The defect site was walled off with new tissue. This new tissue contained a collagenous matrix with calcified deposits. DSP, DMP1 and PCNA immunolabeled cells were observed within the newly formed tissue. A prominent feature was the presence of dentinal tubules within the new tissue. The PCNA immunolabeled cells were not limited to the newly formed tissue but they extended to the pulp tissue immediately in contact with it.
Results from this study demonstrated the presence of two components necessary for inducing de-novo dentin formation, namely the presence of stem cells and the availability of DMP1 as an inducing molecule. Thus, DMP1 might function to induce the cytodifferentiation of undifferentiated pulp cells once they come in contact with the DMP1-treated membrane. Inflammation induced by trauma of pulp exposure enhanced the mobilization of the cells and increased the blood supply within the area which helped in recruiting more undifferentiated cells to come in contact with the membrane impregnated with DMP1. Thus, signaling molecules like DMP1 could influence competent cells at the site of repair and in the presence of other factors provided by the host tissue, which could result in the formation of a tissue that is functionally and structurally equivalent to physiologic dentin. Similar results were obtained with growth differentiation factor 11 delivered by electroporation-mediated gene delivery. 37 Currently, it is not clear whether cytodifferentiation was due only to the physical contact of DMP1 with the undifferentiated cells at the repair site or if DMP1 activated a cascade of events, where the cytodifferentiated cells were able to recruit other cells to the site of injury and induce their differentiation.
Materials and methods
Expression and purification of rDMP1
The coding region of DMP1 cDNA excluding the signal peptide was amplified by PCR from KS (pBluescript) DMP1 using a set of sequence-specific sense and antisense primers with BamHI and NotI recognition sites Dentin matrix protein 1 induces cytodifferentiation A Almushayt et al on the 5-end of both the primers. The amplified cDNA was cloned into pGEX-4T-3 (Pharmacia Corporation). A standard procedure published earlier was used to purify the recombinant DMP1. 38 
Pulp capping procedure
Thirty molars in 24 male Sprague-Dawley rat (250-300 g) were used in this study. Rats were anaesthetized using a combination of two sedative drugs, ketamine (50 mg/kg body weight) and Xylosine (5 mg/kg body weight), both drugs were administered IP (intraperitoneally). All procedures applied to the animals were approved by the University of Illinois Animal Care Committee. The pulp capping procedure was performed by standard methods. 39 Briefly, the rat oral cavity was disinfected with an iodine swab and the occlusal surfaces of the maxillary first molars were cleaned with a dental explorer. Using a high-speed dental handpiece a cavity of 1.5 mm depth was created in the distal half of the occlusal surface. The pulp exposure was produced by penetration with the tip of a sterile dental explorer.
Immplantation of the collagen membrane impregnated with DMP1
The collagen membrane was cut into B1.5 Â 1.5 mm pieces for implantation at the pulp exposure site. For group 1, the collagen membranes were impregnated with DMP1 overnight at 41C and the impregnated collagen membranes were placed after obtaining hemeostasis. For group 2, a calcium hydroxide paste (Dycal) was placed against the pulp exposure site and for group 3, collagen membranes without DMP1 were used. The cavities for all groups were sealed with filling material. After the implantation procedure the oral cavity was rinsed with phosphate-buffered saline and dried.
Sample preparation for histological examination
The animals were killed using standard protocols at two different time points. Groups 1A, 2A and 3A were killed after 2 weeks. Groups 1B, 2B and 3B were killed after 4 weeks. The animals were fixed by perfusion with 4% paraformadehyde through a polyethylene catheter inserted into the left ventricle of the heart. The rat heads were cut and mandibles were removed, the maxillary first molars and the surrounding alveolar bone were dissected en bloc. The blocks were placed in 4% paraformaldehyde solution buffered with PBS at pH 7.4 overnight and then washed with water. The blocks were decalcified in EDTA for 10 days then processed by standard techniques to produce serial sections of 5-7 mm for histological examination. The stains used were haematoxylin and eosin, von Kossa and Masson's trichrome.
Confocal microscopic evaluation
The H&E-stained sections were examined with Zeiss LSM 510 laser scanning microscope, using the autoflorescence property of eosin (23) . Samples were scanned with Ar-Kr laser using an excitation wavelength of 488 nm for green color and 568 nm for red color. Images were collected at 505-550 and 585 emissions for green and red colors respectively and the multitrack principle was used to scan the two colors separately.
Immunohistochemistry
Paraformaldehyde tissue specimens from the control (group 3) and experimental (groups 1 and 2) tissue specimens were decalcified for 10 days, further processed to embedding in paraffin and sectioned into 5-micron thick slices and mounted on glass slides. The sections were deparaffinized by soaking for a total of 20 min in xylene (2 Â 10 min each) and then treated for a total of 4 min with 100% ethanol. Endogenous peroxides were quenched with 3% hydrogen peroxide in methanol for 30 min. Sections were etched with 0.5 M acetic acid in 2% glutaraldehyde and rinsed with PBS three times for 5 min. Excess buffer was removed and sections blocked with bovine serum albumin (BSA). All sections were incubated with appropriate dilutions of the primary antibody overnight at 41C in a humidified chamber. The DSP antibody was diluted 1:200, DMP1 diluted to 1:50 and PCNA 1:50. After incubation, the sections were rinsed 4 times 15 min each and incubated with antirabbit biotinylated IgG for 45 min at room temperature and then washed with PBS 4 times for 15 min. After this the sections were incubated with streptavidin peroxidase reagent for 1 h at room temperature. They were rinsed with PBS 4 times for 15 min each. The brown color was developed by using diaminobenzidine (DAB) (Vector Laboratories, Burlingame, CA, USA). Hematoxylin was used as a counterstain. Slides were cover slipped and analysed by light microscopy.
To examine DNA replications within cells present at the site of pulp exposure PCNA (PCNA (FL-261) Santa Cruz Biotechnology, Santa Cruz CA, USA) was used.
